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Inhibition of the JAK/STAT Pathway Protects Against
a-Synuclein-Induced Neuroinflammation and
Dopaminergic Neurodegeneration

Hongwei Qin,' Jessica A. Buckley,' Xinru Li, Yudong Liu,' Thomas H. Fox III,! Gordon P. Meares,' Hao Yu,'
Zhaoqi Yan,' Ashley S. Harms,? Yufeng Li,> “David G. Standaert,> and Etty N. Benveniste!
Departments of 'Cell, Developmental and Integrative Biology, 2Neurology, and *Medicine, University of Alabama at Birmingham, Birmingham, Alabama 35294

Parkinson’s Disease (PD) is an age-related, chronic neurodegenerative disorder. At present, there are no disease-modifying therapies to
prevent PD progression. Activated microglia and neuroinflammation are associated with the pathogenesis and progression of PD.
Accumulation of a-synuclein (a-SYN) in the brain is a core feature of PD and leads to microglial activation, inflammatory cytokine/
chemokine production, and ultimately to neurodegeneration. Given the importance of the JAK/STAT pathway in activating microglia and
inducing cytokine/chemokine expression, we investigated the therapeutic potential of inhibiting the JAK/STAT pathway using the JAK1/2
inhibitor, AZD1480. In vitro, -SYN exposure activated the JAK/STAT pathway in microglia and macrophages, and treatment with
AZD1480 inhibited «-SYN-induced major histocompatibility complex Class II and inflammatory gene expression in microglia and
macrophages by reducing STAT1 and STAT3 activation. For in vivo studies, we used a rat model of PD induced by viral overexpression of
a-SYN. AZD1480 treatment inhibited a-SYN-induced neuroinflammation by suppressing microglial activation, macrophage and CD4 *
T-cell infiltration and production of proinflammatory cytokines/chemokines. Numerous genes involved in cell- cell signaling, nervous
system development and function, inflammatory diseases/processes, and neurological diseases are enhanced in the substantia nigra of
rats with a-SYN overexpression, and inhibited upon treatment with AZD1480. Importantly, inhibition of the JAK/STAT pathway pre-
vented the degeneration of dopaminergic neurons in vivo. These results indicate that inhibiting the JAK/STAT pathway can prevent
neuroinflammation and neurodegeneration by suppressing activation of innate and adaptive immune responses to a-SYN. Furthermore,
this suggests the feasibility of targeting the JAK/STAT pathway as a neuroprotective therapy for neurodegenerative diseases.
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a-SYN plays a central role in the pathophysiology of PD through initiation of neuroinflammatory responses. Using an a-SYN
overexpression PD model, we demonstrate a beneficial therapeutic effect of AZD1480, a specific inhibitor of JAK1/2, in suppress-
ing neuroinflammation and neurodegeneration. Our findings document that inhibition of the JAK/STAT pathway influences both
innate and adaptive immune responses by suppressing a-SYN-induced microglia and macrophage activation and CD4 " T-cell
recruitment into the CNS, ultimately suppressing neurodegeneration. These findings are the first documentation that suppression
of the JAK/STAT pathway disrupts the circuitry of neuroinflammation and neurodegeneration, thus attenuating PD pathogenesis.
JAK inhibitors may be a viable therapeutic option for the treatment of PD patients. j
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a-synuclein («-SYN) inclusions called Lewy bodies and Lewy
neurites (Roodveldt et al., 2008; Obeso et al., 2010; Irwin et al.,
2013; Lee et al., 2014). Genetic missense mutations or duplica-
tions of the a-SYN gene lead to familial forms of PD by increased
expression and aggregation (Polymeropoulos et al., 1997; Single-
ton et al., 2003). Oligomeric a-SYN can be released from neu-
rons, allowing a-SYN to propagate to neighboring neurons and
glia (Lee et al., 2010). Oligomeric a-SYN is a potent activator of
microglia and macrophages via engagement of toll-like receptors,
leading to production of proinflammatory mediators (Zhang et
al., 2005; Béraud and Maguire-Zeiss, 2012; Fellner et al., 2013;
Kim etal., 2013; Daniele etal., 2015). Recently, interest in the role
of inflammatory processes in PD has grown (Kannarkat et al.,
2013; Sanchez-Guajardo et al., 2015; Van der Perren et al., 2015).
In human postmortem tissues and PD animal models, there is
compelling evidence for reactive microgliosis in the SNpc, in-
creased expression of proinflammatory cytokines/chemokines,
and infiltration of macrophages and CD4 ™ T cells. There is
heightened expression of major histocompatibility complex
(MHC) Class II molecules on macrophages/microglia in both
human and murine PD brains (McGeer et al., 1988; Hamza et al.,
2010; Harms et al., 2013). Studies of PD patients and PD animal
models document that neuroinflammatory processes exacerbate
the toxicity of a-SYN both within neurons and extracellularly,
and have a critical role in the pathophysiology of PD.

The JAK/STAT pathway is the predominant signaling path-
way used by cytokines, and is critical for initiating innate
immunity, orchestrating adaptive immune mechanisms, and ul-
timately constraining inflammatory and immune responses
(O’Shea and Plenge, 2012; Benveniste et al., 2014; O’Shea et al.,
2015). More than 70 cytokines use the JAK/STAT pathway; there
are four JAKs (JAK1, JAK2, JAK3, and TYK2), and seven STATs
(STAT 1, 2, 3, 4, 5a, 5b, and 6). Cytokines, through activation of
the JAK/STAT pathway, are of paramount importance in regu-
lating the development, differentiation, and function of myeloid
and lymphoid cells (Weaver et al., 2007; Geissmann et al., 2010).
Dysregulation of the JAK/STAT pathway, particularly by activat-
ing and polarizing myeloid cells and T cells to pathogenic pheno-
types, has pathological implications for neuroinflammatory
diseases (O’Shea and Plenge, 2012; Benveniste et al., 2014). The
JAK/STAT pathway is a therapeutic target in autoimmune dis-
eases and solid and liquid tumors (O’Shea and Plenge, 2012;
O’Shea et al., 2015; Villarino et al., 2015). A new class of thera-
peutics that target JAKs, Jakinibs, have proven efficacious in var-
ious disease settings, and two have been FDA approved for
treatment of myeloproliferative diseases and rheumatoid arthri-
tis (O’Shea et al., 2015). Jakinibs interrupt signaling downstream
of multiple cytokines to various degrees, which may be a useful
approach for PD, which is characterized by elevated levels of
numerous cytokines in the periphery, CSF, and CNS. Jakinibs
have acceptable safety profiles, and recent data from long-term
studies indicate that the risk of adverse events in Jakinib-treated
patients are similar to those seen with other biologic therapies
(Kontzias et al., 2012).

We undertook studies to address an unanswered question in
PD:isactivation of the JAK/STAT pathway an important contrib-
utor to neuroinflammation and neurodegeneration? We used the
AAV2-a-SYN rat model, a relevant model of synucleinopathy,
given that a-SYN is expressed in DA neurons, and increases the
abundance of @-SYN phosphorylated at Ser129 as well as nitrosy-
lated a-SYN, both markers of abnormal a-SYN (Daher et al.,
2014). Additionally, AAV2-a-SYN expression leads to progres-
sive loss of DA neurons in the SNpC (Decressac et al., 2012). We
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demonstrate that a-SYN overexpression mediates activation of
the JAK/STAT pathway, which promotes dysregulation of innate
and adaptive immunity, ultimately contributing to neurodegen-
eration. Treatment with JAKinibs has therapeutic benefit in the
AAV2-a-SYN model. These findings collectively document that
suppression of the JAK/STAT pathway disrupts the circuitry of
neuroinflammation and neurodegeneration characteristic in
models of PD.

Materials and Methods

Animals and PD Model. Male Sprague-Dawley rats were purchased from
Harlan Laboratories. Male C57BL/6 mice were bred in the animal facility
at the University of Alabama at Birmingham (UAB). Construction and
purification of the rAAV vectors, rAAV-CBA-IRES-EGFP-WPRE (AAV2-
GFP) and rAAV-CBA-SYNUCLEIN-IRES-EGFP-WPRE (AAV2-a-SYN),
are as described previously (Harms et al., 2013). Rats (8—10 weeks) were
deeply anesthetized with isoflurane and unilaterally injected with 2 ul of
AAV2-a-SYN or AAV2-GFP (4.0 X 10'? viral genome/ml diluted in sterile
PBS) into the right SNpc. Coordinates were anterior—posterior 3.2 mm from
bregma, mediolateral 1.2 mm from midline, and dorsoventral 4.6 mm from
dura. All research conducted on animals was approved by the Institutional
Animal Care and Use Committee at the University of Alabama at Birming-
ham. The neuroinflammatory response was analyzed at 4 weeks post-
transduction, whereas neurodegeneration was examined at 12 weeks
post-transduction.

JAK Inhibitor and treatment with AZD1480. AZD1480, a JAK1/JAK2
inhibitor, was synthesized and provided by AstraZeneca R&D, and resus-
pended in DMSO, as previously described (Hedvat et al., 2009; McFar-
land et al., 2011; Liu et al., 2014). To test the effect of AZD1480 on
the neuroinflammatory response in the a-SYN-induced PD model,
AZD1480 at 10 mg/kg or DMSO as vehicle control (VH) was adminis-
tered by oral gavage daily at the time point of 2 weeks post-transduction
for an additional 2 weeks. To test the effect of AZD1480 on neurodegen-
eration, AZD1480 at 5 mg/kg or VH was administered by oral gavage
daily at the time point of 4 weeks post-transduction for an additional 4
weeks, and then rats were allowed to rest for 4 weeks until euthanized.
Rats were weighed and examined daily.

Murine primary macrophage and microglial cultures and «-SYN
treatment. Bone marrow derived macrophages (BMDM) were cultured
with macrophage colony-stimulating factor -conditioned medium and
microglia were isolated from postnatal C57BL/6 mice as described pre-
viously (Qin et al., 2006). Purified human a-SYN (1 mg/ml, r-Peptide)
was incubated at 37°C with agitation for 7 d as previously described (Cao
etal., 2010; Harms et al., 2013) and pulse sonicated for 2 s before adding
to primary macrophage or microglial cultures. The cells were treated
with 500 nMm of aggregated human a-SYN, which was previously deter-
mined to be the optimal concentration, for various time periods (Harms
etal., 2013).

Immunohistochemistry. For fluorescent analysis at 4 weeks postinjec-
tion, animals were deeply anesthetized and transcardially perfused with
heparinized 0.01 m PBS, pH 7.4, followed by 4% paraformaldehyde
(PFA) in PBS. Brains were postfixed for 24 h in 4% PFA and then cryo-
protected in a 30% sucrose solution in PBS. Brains were frozen on dry ice
and cryosectioned coronally on a sliding microtome (thickness, 40 wm);
sections were collected serially throughout the striatum and SNpc, placed
into tissue collection solution (50% 0.01 M PBS, 50% glycerol), and
stored at —20°C for immunohistochemical analysis. Free-floating sec-
tions (4/animal) were labeled with anti-MHC Class 11 (M5/114.15.2;
eBioscience, 1:100), anti-Ibal (Serotec, 1:500), anti-CD3 (Serotec,
1:500), anti-glial fibrillary acidic protein (GFAP; Rockland, 1:1000) or
anti-tyrosine hydroxylase (TH; Millipore, 1:2000) antibodies overnight
at 4°C. Appropriate AlexaFluor-conjugated secondary antibodies diluted
1:1000 (Invitrogen) were used at room temperature for 2.5 h.

For TH neuron quantification using unbiased stereological analysis,
sections were obtained at 12 weeks post-transduction. Free-floating sec-
tions were stained as previously described (Harms et al., 2013), coded,
and analyzed with an Olympus BX51 microscope and MicroBrightfield
software. A total of eight sections covering the rostrocaudal extent of the
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Effect of -SYN on STAT activation and gene expression. 4, Murine BMDMs were stimulated with aggregated c-SYN (500 nw) for up to 4 h, and cell lysates subjected toimmunoblotting

with the indicated Abs. Fold-induction was calculated using ImageJ 1.410, National Institutes of Health, by quantification of immunoblotting images normalized to GAPDH. The average fold-
induction was calculated and statistical significance determined using Student’s t test (n = 6). *p << 0.05, **p << 0.001. B, BMDMs were incubated in the absence or presence of AZD1480 (0.5 p.m)
for 2 h, stimulated with medium (UN) or aggregated o-SYN (500 nm) for 3 h, and cell lysates were subjected to immunoblotting with the indicated Abs. ¢, BMDMs were stimulated with UN or
aggregated o-SYN (500 nw) for 4 and 8 h, and then mRNA expression was analyzed by qRT-PCR. Mean == SD and significance determined by the Mann—Whitney rank sum test (n = 3).*p < 0.05,
*¥p <0.001. D, BMDMs were stimulated with aggregated «-SYN (500 nm) for up to 48 h, and then MHC class Il expression was analyzed by flow cytometry. E, Primary microglia were stimulated
with aggregated a-SYN (500 nm) for up to 48 h, and then MHC class |1 expression was analyzed by flow cytometry. F, BMDMs were treated with VH or AZD1480 (0.5 wum) for 2 h, stimulated with UN
or aggregated a-SYN (500 nwm) for 48 h, and then MHC class Il expression was analyzed by flow cytometry. Representative of three independent experiments.

SNpc, both ipsilateral and contralateral to the injection site, were quan-
tified using the optical fractionator method and StereoInvestigator soft-
ware. TH-positive neurons were counted and weighted section thickness
was used to correct for variations in tissue thickness at varying sites.
Imaging and quantification. Confocal images were captured using a
Leica TCS-SP5 laser-scanning confocal microscope as described previ-
ously (Harms et al., 2013). Images were processed using the Leica LASAF

software and exported and processed using Adobe Photoshop. For quan-
tification of MHC Class II, Ibal, CD3, and GFAP staining, slides were
observed using a Nikon Eclipse E800 M fluorescent microscope. Inten-
sity of MHC Class II, Ibal, CD3, and GFAP staining was quantified using
integrated mean fluorescence intensity (MFI; area of selected cells X
mean fluorescence of selected cells) with a single observer blind to the
treatment paradigm. Staining within the vicinity of viral transduction
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AZD1480 treatment decreases microglial and macrophage infiltration. A, VH or AZD1480 (10 mg/kg/d) was administered by oral gavage for 2 weeks to AAV2-GFP or AAV2-c-SYN

transduced rats, 2 weeks post-transduction. B, Mononuclear cells wereisolated from midbrains (n = 4) of VH or AZD1480-treated AAV2-GFP or AAV2-x-SYN transduced rats at 4 weeks. Quantitative
graph for absolute numbers of total mononuclear cells in the midbrain. *p << 0.05. ¢, Mononuclear cells were isolated from midbrains (n = 4) of naive, VH, or AZD1480-treated AAV2-GFP or
AAV2-a-SYN transduced rats at 4 weeks. The cells were gated on (D45 and (D11b. Representative flow cytometry plot of microglia (CD45™(D11b *) and macrophages (CD45 "(D11b ™) is shown
(n = 4rats/group). D, Quantitative graph for percentage of microglia of total (D45 ™ cells in the midbrain. *p < 0.05, **p < 0.001. E, Quantitative graph for percentage of macrophages of total
(D45+ cells in the midbrain. *p < 0.05. F, Iba1 (red)-expressing cells were measured in the SNpc (blue, TH ™ neurons; green, AAV2-GFP or AAV2-a-SYN; 4 sections/sample, n = 3) using
immunohistochemistry in VH or AZD1480-treated AAV2-GFP or AAV2-a-SYN transduced rats at 4 weeks. Ibal * cells were zoomed from white boxes as shown. G, Quantification of Iba1 staining in
the SNpc of AAV2-GFP and AAV2-ce-SYN rats at 4 weeks. n = 3/group. Statistical significance was determined by the Mann—Whitney rank sum testin B, D, and E (n = 3), and one-way ANOVA with

Bonferroni selected comparison post hoc test in G (n = 12). *p << 0.05, **p < 0.001.

(GFP) was considered for scoring while staining immediately surround-
ing the needle tract was ignored. Scores obtained from three rats per
group were plotted and levels of significance for multiple-comparisons
were analyzed with one-way ANOVA method.

Immunoblotting. Lysates of the ventral midbrain or cultured cells were
homogenized on ice in 200 ul of RIPA lysis buffer. Thirty micrograms of
cell lysate or midbrain homogenate was separated by electrophoresis and
probed with antibodies as described previously (Qin et al., 2012). Abs
against phospho-STAT1 (Tyr701), phospho-STAT3 (Tyr705), STATI,
and STAT3 used for immunoblotting were from Cell Signaling Technol-
ogy. Ab against GAPDH is from Abcam.

Flow cytometry. MHC Class II expression by cultured BMDM and
microglia was analyzed with anti-MHC Class IT Ab by flow cytometry, as
described previously (Adamski and Benveniste, 2005). Mononuclear
cells were isolated from the midbrains of AAV2-GFP or AAV2-a-SYN
transduced rats at 4 weeks using a 30/70% Percoll gradient, and cell
phenotype was determined by surface staining with antibodies for CD45,
CD11b, MHC Class I, and CD4 by flow cytometry as described previ-
ously (Qin et al., 2012; Liu et al., 2015).

RNA isolation, RT-PCR, and TagMan gene expression analysis. Total
RNA was isolated from the midbrain or cultured cells, and RT reactions

performed as described previously (Qin et al., 2012). Five-hundred
nanograms of RNA was used to reverse transcribe into cDNA and sub-
jected to qQRT-PCR. The data were analyzed using the comparative Ct
method to obtain relative quantitation values.

RNA-Seq library construction, sequencing, and data analysis. RNA sam-
ples from the ventral midbrain were subjected to paired-end Illumina
mRNA sequencing (RNA-seq). Library preparation and sequencing was
conducted using Data2Bio LLC (2079, Roy J. Carver CoLaboratory) as
described previously (Wang et al., 2009; Huynh et al., 2014). Indexed
libraries were prepared using the Illumina protocol outlined in the
TruSeq RNA Sample Prep Guide. The library size and concentration
were determined using an Agilent Bioanalyzer. Genes/transcripts were
identified/aligned in the samples. The quality of samples indicated that
the sample had the appropriate number of aligned reads to determine
whether they were significant (p value <0.05). Significance was deter-
mined as a fold-change =4 tab plus p < 0.05.

Densitometric and statistical analysis. Densitometric quantitation of
immunoblotting images in the linear range was performed using an im-
age analysis program (Image] 1.410; National Institutes of Health). His-
togram analysis with mean * SD are presented for multiple experiments.
Levels of significance for comparison between two groups was deter-
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Figure3.

JAK/STAT inhibition reduces MHC Class Il ™ cells and proinflammatory marker expression. A, MHC Class |l (red)-expressing cells were measured in the SNpc using immunohistochemistry

in VH or AZD1480 (10 mg/kg/d)-treated AAV2-GFP or AAV2-ax-SYN transduced rats at 4 weeks. B, Quantification of MHC Class Il staining in the SNpc of AAV2-GFP and AAV2-a-SYN rats at 4 weeks
(4sections/sample, n = 3/group). C, Mononuclear cells were isolated and pooled from the midbrain of VH or AZD1480-treated AAV2-GFP or AAV2-ce-SYN transduced rats at 4 weeks, and subjected
to staining for the surface markers (D45, (D11b, and MHC Class II. The cells were gated on (D45 and (D11b, then MHC Class II. Representative flow cytometry plot of MHC Class Il expression in
macrophages (CD45"(D11b *) is shown (n = 4/group). The quantitative graph for MFI of macrophages in the midbrains was calculated. D, RNA extracted from mononuclear cells isolated and
pooled from the midbrain of naive, VH or AZD1480-treated AAV2-GFP or AAV2-«-SYN transduced rats was subjected to RT-qPCR. Expression of proinflammatory markers, including TNF-c, iNOS,
IL-6, and CCL2 was analyzed (n = 4/group). Statistical significance was determined by one-way ANOVA with Bonferroni selected comparison post hoc testin B (n = 12), and Mann—Whitney rank

sum testin Cand D (n = 4). *p < 0.05, **p < 0.001.

mined by the Mann—Whitney rank sum test when sample size is <5,
otherwise, Student’s ¢ test was used. Quantification of images was ana-
lyzed with one-way ANOVA. A conservative Bonferroni method was
used to control for false discovery with an overall type I error of 0.05 (p <
0.05) considered statistically significant. Statistical software SAS v 9.3 was
used for analysis.

Results

a-SYN induces STAT activation and downstream gene expression,
which is inhibited by AZD1480

To investigate the potential of &-SYN to activate the JAK/STAT
pathway, murine BMDM were treated with medium or 500 nm of

aggregated human a-SYN for up to 4 h, and immunoblotting was
performed for STAT1 and STATS3 tyrosine phosphorylation.
a-SYN treatment induced STAT1 and STAT3 phosphorylation
in a time-dependent manner (Fig. 1A). Furthermore, a-SYN-
induced STAT activation was inhibited by inclusion of the
JAK1/2 inhibitor AZD1480 (Fig. 1B). We next examined whether
a-SYN induced expression of classically identified STAT-
inducible genes (Lee and Benveniste, 1996; Van Wagoner et al,,
1998). The results shown in Figure 1C reveal that a-SYN induced
the expression of iNOS, IL-6, TNF-a, MHC Class II, CIITA, and
IRF-1 in BMDM. Expression of some of these genes, including
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AZD1480 treatment inhibits the infiltration of (D3 * and (D4 * T cells. A, VH or AZD1480 (10 mg/kg/d) was administered by oral gavage for 2 weeks to AAV2-GFP or AAV2-v-SYN

transduced rats, 2 weeks post-transduction. CD3 (red)-expressing cells were measured in the SNpc using immunohistochemistry at 4 weeks. B, Quantification of (D3 staining in the SNpc of AAV2-GFP
and AAV2-ae-SYN rats at 4 weeks (4 sections/sample, n = 3/group). C, Mononuclear cells were isolated from the midbrain of VH or AZD1480-treated AAV2-GFP or AAV2--SYN transduced rats at
4 weeks were subjected to staining for the surface markers (D45 and CD4. The cells were first gated on (D45, and then gated on (D4. Quantitative graph for infiltrating (D4 * T cells is shown (n =
4/group). Statistical significance was determined by one-way ANOVA with Bonferroni selected comparison post hoc testin B (n = 12), and Mann—Whitney rank sum testin C (n = 4). *p < 0.05,

*4p < 0,001,

iNOS, IL-6, TNF-a, and MHC Class 11, is indicative of polariza-
tion of macrophages to the proinflammatory phenotype (Ben-
veniste et al., 2014), suggesting that a-SYN may function as an
inflammatory stimulus. MHC Class II protein expression was
increased on the cell surface of BMDM after a-SYN treatment in
a time-dependent manner (Fig. 1D), and similar results were
obtained in primary microglia (Fig. 1E). Importantly, a-SYN-
induced MHC Class II protein expression was strongly inhibited
by AZD1480 treatment (Fig. 1F). These results collectively dem-
onstrate that a-SYN induces activation of STAT1 and STAT3 and
downstream gene expression in macrophages and microglia in-
dicative of the proinflammatory phenotype, which is inhibited by
AZD1480.

JAKinib attenuation of microglial and macrophage presence

in vivo

Activation of both innate and adaptive immunity plays critical
roles in the pathogenesis of PD (Hirsch et al., 2012; Mosley et al.,

2012; Raj et al., 2014). Given the striking effect of AZD1480 in
inhibiting a-SYN-induced STAT activation and downstream
gene expression in microglia and macrophages in vitro, we as-
sessed the therapeutic potential of AZD1480 in a a-SYN overex-
pression rat PD model. Initially, we first examined tolerability of
rats to AZD1480. Daily administration of AZD1480 (10 mg/kg)
by oral gavage for 2 weeks to naive rats had no significant effect on
hematological parameters, such as white blood cell counts, per-
centage of neutrophils, lymphocytes, and monocytes, red blood
cell counts and hemoglobin levels (data not shown), which is
consistent with our previous findings in mice (Liu et al., 2014).
These results demonstrate that AZD1480 treatment is well
tolerated.

Previous studies demonstrated that overexpression of human
full-length a-SYN via adeno-associated virus (AAV) in the SNpc
of mice and rats results in reactive microgliosis, elevated expres-
sion of proinflammatory cytokines/chemokines and infiltration
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AZD1480 treatment does not influence GFAP expression in vivo. A, VH or AZD1480 (10 mg/kg/d) was administered by oral gavage for 2 weeks to AAV2-GFP or AAV2-ce-SYN transduced

rats, 2 weeks post-transduction. GFAP (red)-expressing cells were measured in the SNpc using immunohistochemistry at 4 weeks. B, Quantification of GFAP staining in the SNpc of AAV2-GFP and
AAV2-a-SYN rats at 4 weeks (4 sections/sample, n = 3/group). Mean = SD of MFI. Statistical significance was determined by one-way ANOVA with Bonferroni selected comparison post hoc test

in(n=12).

of T cells as early as 2 weeks post-transduction (Gorbatyuk et al.,
2008; Theodore et al., 2008; Blesa et al., 2012; Harms et al., 2013).
We examined the influence of AZD1480 treatment on neuroin-
flammatory parameters 4 weeks post-transduction. Eight- to
10-week-old male Sprague-Dawley rats received a unilateral ste-
reotactic injection of recombinant AAV2-encoding human full-
length a-SYN (AAV2-a-SYN) or AAV2-GFP control virus (4 X
10'? viral genome/ml) into the right SNpc. AZD1480 (AZD) (10
mg/kg) or VH was administered daily by oral gavage 2 weeks after
AAV2-a-SYN or AAV2-GFP post-transduction for a total of 14 d
(Fig. 2A). Waiting 2 weeks to start treatment eliminated concerns
regarding the effect of the initial injection. To study the inflam-
matory response in the SN, mononuclear cells were isolated and
pooled from the midbrains of VH or AZD1480-treated AAV2-a-
SYN or AAV2-GFP transduced rats (n = 4). We observed a
substantial number of mononuclear cells in the midbrains of
AAV2-a-SYN (SYN-VH) rats compared with rats with AAV2-
GFP (GFP-VH) at 4 weeks post-transduction (Fig. 2B). AZD1480
treatment (SYN-AZD) caused a decrease in the number of cells
compared with vehicle treated AAV2-a-SYN transduced rats
(SYN-VH; Fig. 2B). There was also a reduction of mononuclear
cells in AAV2-GFP rats with AZD1480 treatment (Fig. 2B). Flow
cytometry analysis of pooled mononuclear cells indicated the
majority of CD11b™ cells are microglia (CD45™CD11b ",
22.9%), with minimal macrophage presence (CD45"CD11b ¥,
0.9%) in naive rats (Fig. 2C). An increased percentage of
CD45™CD11b* microglia and CD45™CD11b* macrophages
were observed in AAV2-a-SYN compared with AAV2-GFP
transduced rats (Fig. 2C, D, E). AZD1480 treatment resulted in a
decrease in the percentage of microglia and macrophages in
AAV2-a-SYN transduced rats, comparable to the baseline levels

observed in naive rats (Fig. 2C, D, E). These results indicate that
inhibition of the JAK/STAT pathway restricts microglial and
macrophage presence in the SN.

JAK inhibition suppresses a-SYN-induced microglial activation

in vivo

We next examined the influence of AZD1480 treatment on the
activation of microglia. Ionized calcium binding adaptor mole-
cule 1 (Ibal) was used as marker for activated microglia (Barkholt
etal., 2012; Noelker et al., 2013). There was a significant increase
in the intensity of Iba™ cells in AAV2-a-SYN rats at 4 weeks
compared with AAV2-GFP rats, which was inhibited by treat-
ment with AZD1480 (Fig. 2 F, G). These results indicate that in-
hibition of JAK/STAT pathway restricts the activation of
microglia in the SN. Next, the expression of MHC Class II, an
activation marker of microglia and macrophages and also a
STAT-driven gene (Lee and Benveniste, 1996), was determined
by IHC (Fig. 3A). There was a significant increase in staining for
MHC Class I in AAV2-a-SYN transduced rats compared with
AAV2-GFP transduced rats (Fig. 3B). Most strikingly, AZD1480
treatment resulted in a significant reduction in the intensity of
MHC Class 11 "-expressing cells compared with vehicle-treated
AAV2-a-SYN transduced rats (Fig. 3B; SYN-VH vs SYN-AZD).
Next, flow cytometry analysis was conducted to examine MHC
Class II expression by CD45™CD11b" macrophages pooled
from four rats. There was an enhancement in MHC Class 11"
macrophages from AAV2-a-SYN transduced rats (23.4%) com-
pared with AAV2-GFP transduced rats (14.9%), and AZD1480
treatment suppressed the percentage of MHC Class II " macro-
phages (12.1%) compared with vehicle-treated AAV2-a-SYN
transduced rats (Fig. 3C). To further examine the expression of
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Figure 6.

AZD1480 inhibits AVV2-a-SYN-induced STAT activation and CIITA and MHC Class Il mRNA expression in vivo. A, VH or AZD1480 (10 mg/kg/d) was administered by oral gavage for 2

weeks to AAV2-GFP or AAV2-c-SYN transduced rats 2 weeks post-transduction. Lysates from midbrains obtained from nontransduced control rat (NC) or AAV2-GFP or AAV2-cx-SYN rats at 4 weeks
were subjected to immunoblotting with the indicated Abs. Fold-induction was calculated using ImageJ 1.41o, National Institutes of Health, by quantification ofimmunoblotting images normalized
to GAPDH. The fold-induction was calculated from two separate experiments. B, RNA extracted from midbrains obtained from nontransduced control rat (NC) or AAV2-GFP or AAV2--SYN rats at
4 weeks was analyzed by qRT-PCR for CIITA and MHC Class Il mRNA expression. Mean == SD. Statistical significance was determined by Mann—Whitney rank sum test (n = 3). *p << 0.05,

*p < 0,001,

activation markers of myeloid cells, mRNA levels of the proin-
flammatory markers TNF-q, iNOS, IL-6, and CCL2 were exam-
ined (Benveniste et al., 2014; Moehle, 2015). Mononuclear cells
from the midbrains of AAV2-GFP or AAV2-a-SYN transduced
rats were isolated, and mRNA expression examined by qTR-PCR.
Elevated levels of TNF-¢, iNOS, IL-6, and CCL2 mRNA expres-
sion were detected from mononuclear cells obtained from
AAV2-a-SYN transduced rats, and expression was significantly
suppressed by AZD1480 treatment (Fig. 3D). These results indi-
cate that in vivo, a-SYN induces expression of proinflammatory
markers, such as MHC Class II, TNF-«, iNOS, IL-6, and CCL2, in
myeloid cells obtained from the midbrain, and JAKinib treat-
ment inhibits the proinflammatory phenotype.

Inhibition of the JAK/STAT pathway reduces infiltration of T cells
in vivo

Chronic inflammatory responses increase blood—brain barrier
permeability in PD, which contributes to increased T-cell ingress
(Brochard etal., 2009; Mosley et al., 2012). As such, we examined
T-cell infiltration in rats with AAV2-a-SYN overexpression. Our
results indicate a significant enhancement of CD3 * T-cell infil-
tration in the SN of AAV2-a-SYN transduced rats, with perivas-
cular localization (Fig. 4A, B; GFP-VH vs SYN-VH). AZD1480
treatment caused a significant reduction in recruitment of CD3 *
T cells (Fig. 4A,B; SYN-VH vs SYN-AZD). To determine the
type(s) of T-cell infiltrating the SN, flow cytometry was per-

formed for CD4 ™ and CD8 ™ T cells. CD4 ¥ T-cell infiltration
was enhanced in the midbrain of AAV2-a-SYN transduced rats,
and AZD1480 treatment resulted in a reduction in CD4 " T cells
(Fig. 4C). Minimal CD8 * T-cell infiltration was detected (data
not shown). These results demonstrate the presence of CD4 " T
helper cells in the AAV2-a-SYN PD model, and that JAKinib
treatment reduces infiltration. GFAP expression was assessed as a
measure of astrogliosis. No significant changes were detected,
indicating that a-SYN transduction did not influence the activa-
tion of astrocytes, nor did inhibition of the JAK/STAT pathway
(Fig. 5).

JAKinib treatment inhibits AAV2-a-SYN-induced STAT
activation and STAT-induced gene expression in vivo

We next examined whether AZD1480 treatment had inhibitory
effects on STAT activation and inflammatory gene expression in
vivo. AAV2-a-SYN enhanced tyrosine phosphorylation of
STATS3 in the midbrain (Fig. 6A, lanes 4—6) compared with nor-
mal tissue control (Fig. 64, lane 1) and AAV-GFP transduced
midbrain (Fig. 6A, lanes 2 and 3). In vivo treatment with
AZD1480 for 2 weeks inhibited a-SYN-induced STAT3 activa-
tion (Fig. 6A, lanes 8 and 9). MHC Class II expression depends on
the induction of CIITA, an essential transactivator of MHC Class
IT expression, and both CIITA and MHC Class II are STAT-
inducible genes (Nikcevich et al., 1999; Dong and Benveniste,
2001). The levels of CIITA and MHC Class I mRNA were signif-
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Neurological Disease 8.34E-13 - 1.83E-2 Antigen Presentation Pathway 9.39E-08
Skeletal and Muscular Disorders | 8.34E-13 - 1.96E-2 Ca**-induced T Lymphocyte Apoptosis| 4.48E-05
Hereditary Disorder 4.03E-8 - 9.21E-2 B Cell Development 1.55E-04
Psychological Disorders 4.03E-8 - 1.23E-2 Type I Diabetes Mellitus Signaling 3.67E-04
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Top Upstream Regulators Gene Name p-value e e
IFNAR interferon (alpha, beta and omega) receptor 1 1.71E-12 Activated
STATI signal transducer and activator of transcription 1| 6.14E-12 Activated
IFNBI interferon beta 7.68E-12 Activated
IRF7 interferon regulatory factor 7 2.43E-11 Activated
TRIM24 tripartite motif-containing 24 2.68E-10 Inhibited

Figure 7.  AZD1480 treatment inhibits c-SYN-induced JAK-STAT pathway related gene expression in vivo. A, VH or AZD1480 (10 mg/kg/d) was administered by oral gavage for 2 weeks to
AAV2-GFP or AAV2-c-SYN transduced rats, 2 weeks post-transduction. Rats were perfused at 4 weeks, the SN removed, and mRNA was analyzed by RNA-Seq. Samples were aligned to the rat
reference genome, fold-change and p values were calculated between AAV2-ce-SYN-VH versus AAV2-GFP-VH or AAV2--SYN-VH versus AAV2-«-SYN-AZD1480 rats. Significance is defined by p <
0.05. B, Heat maps of RNA-Seq data on a-SYN-induced genes comparing AAV2-GFP and AAV2-a-SYN or AAV2-a-SYN-VH and AAV2-a-SYN-AZD1480 rats. Significance (Figure legend continues.)
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icantly enhanced with AAV2-a-SYN transduction, and markedly
decreased by AZD1480 treatment (Fig. 6B).

Identification of a-SYN-regulated genes in vivo

To further assess how a-SYN-induced activation of the JAK/
STAT pathway modulates gene expression in an unbiased man-
ner, RNA-Seq analysis was performed. We found that 186 genes
(purple) were significantly upregulated (>4-fold) in the mid-
brain of AAV2-a-SYN rats compared with AAV2-GFP rats (Fig.
7A,B). The top five diseases and disorders related to these up-
regulated genes are neurological disease, skeletal and muscular
disorders, hereditary disorder, psychological disorders, and en-
docrine system disorders (Fig. 7C). The a-SYN upregulated
genes are linked to five canonical pathways, including antigen
presentation pathway, Ca**-induced T-lymphocyte apoptosis,
B-cell development, type I diabetes mellitus signaling and graft-
versus-host disease signaling (Fig. 7C). Many of the genes iden-
tified are IFN-inducible genes, and are regulated by activation of
JAK-STAT pathway (Hu and Ivashkiv, 2009; Ivashkiv and Don-
lin, 2014). As shown in Figure 7C, the top upstream regulators are
IFNAR, STAT1, IFNBI, IRF7, and TRIM24. A number of genes
related to cell-to-cell signaling and interaction, nervous system
development and function and behavior, and inflammation are
upregulated by a-SYN overexpression (Table 1). Furthermore,
a-SYN overexpression also induced expression of Ccl2, Ccli2,
Cxcl9, Cxcl10, Cxcll1, Cxcll3, Cxcll7, Irfl, Irf7, Isgl5, and MxI,
which are inflammatory mediators (Table 1). These data
indicate that a-SYN induces expression of numerous genes
implicated in cell signaling, inflammatory, and neurological
diseases and antigen presentation. The effect of AZD1480
treatment on AAV2-a-SYN-induced gene expression was
evaluated. As shown in Figure 7, A and B, AZD1480 treatment
inhibited the expression levels of 59 genes compared with ve-
hicle control treatment (a-SYN-AZD1480 vs «a-SYN-VH).
Importantly, the majority of genes inhibited by AZD1480 were
those induced by AAV2-a-SYN overexpression, including
Cd74, RT1-Da, RT1-Dbl, Icam5, and RT1-Ba (Fig. 7A,B; Ta-
ble 2), which suggests that the inhibitory effect of AZD1480
has high specificity in suppressing genes that use the JAK/
STAT signaling pathway for expression. In addition, AZD1480
treatment inhibited genes related to neuroinflammation, in-
cluding Clq, Ccl12, and Rgs14 (Fig. 7B; Table 2).

JAKinib treatment attenuates AAV2-a-SYN-induced
neurodegeneration in vivo

To determine whether AZD1480 treatment modifies the neuro-
degenerative process, AAV2-GFP and AAV2-a-SYN transduced
rats were treated with VH or AZD1480 (AZD; 5 mg/kg) at 4 weeks
post-transduction for a total of 4 weeks, then allowed to recover
for 4 weeks (Fig. 8A4). The time point of 4 weeks to start AZD1480
treatment was chosen because this is the peak of the inflamma-
tory response. Five milligrams/kg was used for the 4 week
treatment, per discussion with AstraZeneca. Three months post-
transduction, nigral neuron number was evaluated by staining
for TH and unbiased stereology. In the rat AAV2-a-SYN model,
there isa ~40-50% loss of TH-immunopositive cells at 3 months
post-transduction (Recchia et al., 2008; Sanchez-Guajardo et al.,
2013; Van der Perren et al., 2015). We observed that overexpres-

<«

(Figure legend continued.) is defined asp << 0.05. C, Ingenuity pathways analysis of RNA-Seq
data with genes having a fold-change >4 and p << 0.05. Top diseases and disorders, top
canonical pathways and top upstream regulators are shown.
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Table 1. a-SYN-induced gene profiles

Gene symbol  «-Syn-induced genes Fold-induction
Foxg1 Forkhead box G1 430.57
Kenh3 Potassium voltage-gated channel, subfamily H-3 200.81
Ddn Dendrin 178.14
Ubd Ubiquitin D 174.00
Lhx6 LIM homeobox 6 150.28
Scin Scinderin 116.38
Arx Aristaless-related homeobox 85.51
DIx1 Distal-less homeobox 1 83.26
Itpka Inositol-trisphosphate 3-kinase A 73.78
Dio3 Deiodinase, iodothyronine, type Il 72.22
Thr1 T-box, brain, 1 66.31
Dapl1 Death-associated protein-like 1 63.16
lcam5 Intercellular adhesion molecule 5, telencephalin 51.05
(9 Chemokine (C-X-C motif) ligand 9 49.38
13 Chemokine (C-X-Cmotif) ligand 13 43.49
Cd12 Chemokine (C-X-C motif) ligand 12 43.03
(xc10 Chemokine (C-X-C motif) ligand 10 40.21
Rprm Reprimo-like 38.46
Crym Crystallin, mu 37.59
Kenjd Potassium inwardly-rectifying channel, subfamily J-4 36.95
Egr3 Early growth response 3 36.38
Camk2a Calcium/calmodulin-dependent protein kinase Il alpha 3427
Egr4 Early growth response 4 32.64
Mx1 MX dynamin-like GTPase 1 27.98
Fenb Ficolin B 27.89
Gh1 Growth hormone 1 27.58
Hdc Histidine decarboxylase 26.15
Sifn3 Schlafen 3 25.58
Oxdn Chemokine (C-X-C motif) ligand 11 22.46
Lhx2 LIM homeobox 2 2231
Chrm1 Cholinergic receptor, muscarinic 1 22.19
Rgs14 Regulator of G-protein signaling 14 21.14
Gda Guanine deaminase 21.12
(2 Chemokine (C-C motif) ligand 2 20.62
Mas1 MAS1 proto-oncogene, G protein-coupled receptor 19.65
17 Chemokine (C-X-C motif) ligand 17 18.51
Nrl Neural retina leucine zipper 18.42
TaQ2 Tachykinin 3 18.42
Rasal1 RAS protein activator-like 1 (GAP1-like) 17.69
Ttr Transthyretin 17.59
Rtn4rl2 Reticulon 4 receptor-like 2 17.23
Nrgn Neurogranin (protein kinase C substrate, RC3) 14.36
Traip TRAF interacting protein 14.09
Plac8 Placenta-specific 8 14.06
Adrald Adrenoceptor alpha 1D 13.69
Lrrc10b Leucine rich repeat-containing 108 13.25
RT1-Ba RT1 class II, locus Ba 12.83
Neurod1 Neuronal differentiation 1 12.40
Ghp2 Guanylate-binding protein 2, interferon-inducible 12.32
Fam107a Family with sequence similarity 107, member A 11.97
Irf7 Interferon regulatory factor 7 11.47
RT1-Bb RT1 class II, locus Bb 11.43
Fam150b Family with sequence similarity 150, member B 11.38
Oasl 2'-5"-0ligoadenylate synthetase-like 11.33
Gpr114 G-protein-coupled receptor 114 11.28
RT1-Db1 RT1 class I, locus Db1 11.05
Ptk2b Protein tyrosine kinase 2 beta 11.00
Ptprcap Protein tyrosine phosphatase, receptor type, C-protein 11.00
Rsad2 Radical S-adenosyl methionine domain-containing 2 10.90
Bhlhe22 Basic helix-loop-helix family, member e22 10.89
Nrda3 Nuclear receptor subfamily 4, group A, member 3 10.59
Kenfl Potassium voltage-gated channel, subfamily F, member 1 9.98
Wipf3 WAS/WASL interacting protein family, member 3 9.86
Nr2el Nuclear receptor subfamily 2, group E, member 1 9.69
Keng1 Potassium voltage-gated channel, subfamily G, member 1 9.67
(Table Continues.)
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Table 1. Continued Table 1. Continued
Gene symbol  -Syn-induced genes Fold-induction Gene symbol  a-Syn-induced genes Fold-induction
Nov Nephroblastoma overexpressed 9.62 Celf5 CUGBP, Elav-like family member 5 5.37
Neurod2 Neuronal differentiation 2 9.55 Mical2 Microtubule-associated monooxygenase, calponin, and 537
RT1-Da RT1 class II, locus Da 9.52 LIM—2
(d74 MHC, class Il invariant chain 9.34 Nptx2 Neuronal pentraxin Il 5.36
Bd11b B-cell CLL/lymphoma 11B (zinc finger protein) 8.94 Pde2a Phosphodiesterase 2A, cGMP-stimulated 5.36
Mx2 MX dynamin-like GTPase 2 8.75 Prss12 Protease, serine, 12 (neurotrypsin, motopsin) 533
Kennd Potassium/calcium-activated channel, subfamily N-4 8.39 Cacng8 Calcium channel, voltage-dependent, gamma subunit 8 533
Ankrd33b  Ankyrin repeat domain 338 8.36 Camk2n1 (alcium/calmodulin-dependent protein kinase Il inhibitor 1 533
Psmb9 Proteasome (prosome, macropain) subunit, beta type, 9 8.29 (txn1 Cortexin 1 532
lgfbp4 Insulin-like growth factor-binding protein 4 8.22 Fegr3a Fc fragment of IgG, low affinity lla, receptor (CD16a) 532
Keng2 Potassium voltage-gated channel, subfamily G, member 2 8.01 Len2 Lipocalin 2 531
Psd Pleckstrin and Sec7 domain-containing 7.80 Plac9 Placenta-specific 9 515
Wnt4 Wingless-type MMTV integration site family, member 4 7.50 Junb Jun B proto-oncogene 51
RT1-M6-2  RT1 dlass |, locus M6, gene 2 7.49 (d68 (D68 molecule 5.09
Neurl1B Neuralized E3 ubiquitin protein ligase 1B 7.36 lgtp Interferon gamma induced GTPase 5.07
Nhih1 Nescient helix loop helix 1 7.34 Hrk Harakiri, BCL2 interacting protein 5.07
Hsh2d Hematopoietic SH2 domain-containing 7.30 Kenv1 Potassium channel, subfamily V, member 1 5.02
Car12 Carbonic anyhydrase 12 7.25 Tth1m Transcription factor B1, mitochondrial 497
Ifi47 Interferon gamma-inducible protein 47 1.22 KIf16 Kruppel-like factor 16 4.87
Gldc Glycine dehydrogenase (decarboxylating) 7.09 Msx1 Msh homeobox 1 4.85
Isg15 15G15 ubiquitin-like modifier 7.08 Rgs16 Regulator of G-protein signaling 16 4.80
Pter Phosphotriesterase-related 7.07 Cebpb CCAAT/enhancer-binding protein (C/EBP), beta 478
Baiap2 BAI1-associated protein 2 7.04 Nptx1 Neuronal pentraxin | 4.78
Gabrd GABA A receptor, delta 7.03 Actr3b ARP3 actin-related protein 3 homolog B (yeast) 475
Prkeg Protein kinase C, gamma 7.03 Hpcal4 Hippocalcin-like 4 4.72
Camkv (aM kinase-like vesicle-associated 7.01 (Cnih2 Cornichon family AMPA receptor auxiliary protein 2 47
Wfs1 Wolfram syndrome 1 (wolframin) 6.93 Ptgs2 Prostaglandin-endoperoxide synthase 2 4.64
Cck Cholecystokinin 6.79 Prr7 Proline rich 7 (synaptic) 4.62
Cplx3 Complexin 3 6.79 Kenip3 Kv channel interacting protein 3, calsenilin 4.56
Gas7 Growth arrest-specific 7 6.70 Oas1b 2-5 Oligoadenylate synthetase 1B 4.53
RT1-T24-3  RT1class|, locus 24, gene 3 6.69 Myo5b Myosin VB 452
Arpp21 cAMP-regulated phosphoprotein, 21kDa 6.67 Chrm4 Cholinergic receptor, muscarinic 4 4.48
Neurod6 Neuronal differentiation 6 6.58 Mpped1 Metallophosphoesterase domain-containing 1 4.46
Hpca Hippocalcin 6.55 Stx1a Syntaxin 1A (brain) 445
Slc17a7 Solute carrier family 17 (vesicular glutamate transporter), 6.54 Serin2 Serine incorporator 2 4.44
member 7 Mei1 Meiosis inhibitor 1 443
Kcnmb4 Potassium large conductance calcium-activated channel, 6.42 Ipcefl Interaction protein for cytohesin exchange factors 1 436
M-beta —4 Msin Mesothelin 434
Rnf39 Ring finger protein 39 6.40 Rtndr Reticulon 4 receptor 428
Nptxr Neuronal pentraxin receptor 6.26 Siat7E Alpha-2,6-sialyltransferase ST6GaINAc V 428
Cnksr2 Connector enhancer of kinase suppressor of Ras 2 6.18 Apol9a Apolipoprotein L 9a 428
Slamf9 SLAM family member 9 6.17 Mir132 MicroRNA 132 427
Fam81a Family with sequence similarity 81, member A 6.15 Hes5 hes Family bHLH transcription factor 5 425
Rab40b RAB40B, member RAS oncogene family 6.12 (d300a (D300a molecule 423
(nih3 Cornichon family AMPA receptor auxiliary protein 3 6.08 Alb Albumin 423
Kalrm Kalirin, RhoGEF kinase 5.94 Gnal4 Guanine nucleotide-binding protein (G-protein), alpha 14 417
Mir221 MicroRNA 221 5.83 Ngef Neuronal guanine nucleotide exchange factor 417
Bst2 Bone marrow stromal cell antigen 2 5.79 Sstr4 Somatostatin receptor 4 417
Irf1 Interferon requlatory factor 1 5.78 B3 B-cell CLL/lymphoma 3 415
(g3 Complement component 1, q subcomponent-like 3 5.74 Akap5 Akinase (PRKA) anchor protein 5 414
Oaf OAF homolog (Drosophila) 5.72 RGD1309362  Similar to interferon-inducible GTPase 4.13
Tap1 Transporter 1, ATP-binding cassette, subfamily B (MDR/TAP) 5.72 Synpo Synaptopodin 413
Agap2 ArfGAP with GTPase domain, ankyrin repeat and PH domain2 ~ 5.69 FbxI16 F-box and leucine-rich repeat protein 16 4.09
Usp18 Ubiquitin-specific peptidase 18 5.67 LRRTM1 Leucine rich repeat transmembrane neuronal 1 4.09
Ntf3 Neurotrophin 3 5.66 Cldn1 Claudin 1 4.07
Spata2l Spermatogenesis-associated 2-like 5.62 Syngap1 Synaptic Ras GTPase activating protein 1 4.07
Pkp2 Plakophilin 2 5.61 Olfm1 Olfactomedin 1 4.02
Nelf Nasal embryonic LHRH factor 5.60 Dgkg Diacylglycerol kinase, gamma 90kDa .02
Oasla 2'-5" Oligoadenylate synthetase 1A 5.60
Ifi2712b Interferon, alpha-inducible protein 27-like 2B 5.56
Rspo2 R-spondin 2 5.54
Gbp5 Guanylate-binding protein 5 5.54 sion of @-SYN induced ~50% dopaminergic cell loss at 3 months
Encl Ectodermal-neural cortex 1 (with BTB domain) 5.50 (Fig. 8B,C), and that AZD1480 treatment attenuated a-SYN-
Rtndrn Reticulon 4 receptor-like 1 543 induced dopaminergic cell loss (Fig. 8 B, C). These results collec-
Lmo7 LIM domain 7 543 tively demonstrate the efficacy of JAKinibs in the protection of
(Table Continues.)

DA neurodegeneration.
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Table 2. a-SYN-induced genes inhibited by AZD1480 treatment

Fold-inhibition
Gene symbol  a-syn-induced genes inhibited by AZD1480 by AZD1480
Baiap2 BAI1-associated protein 2 —3.854382632
Bd11b B-cell CLL/lymphoma 11B (zinc finger protein) —8.820284104
Bhlhe22 Basic helix-loop-helix family, member e22 —7.444158612
Bst2 Bone marrow stromal cell antigen 2 —6.366662442
(1qI3 Complement component 1, g subcomponent-like 3 —3.831752007
Camkv (aM kinase-like vesicle-associated —3.419097126
(ar12 Carbonic anyhydrase 12 —5.54167958
Cck Cholecystokinin —3.912513386
Cd12 Chemokine (C-C motif) ligand 12 J o
(d74 MHC, class Il invariant chain —6.550271138
Cnih2 Cornichon family AMPA receptor auxiliary protein 2 —3.100940815
Ctxn1 Cortexin 1 —3.812191038
Ddn Dendrin —6.205829962
Dgkg Diacylglycerol kinase, gamma 90kDa —3.160449907
Fam107a Family with sequence similarity 107, member A —4.075260389
Fam81a Family with sequence similarity 81, member A —3.76793883
Foxg1 Forkhead box G1 —8.102480701
Ghp2 Guanylate-binding protein 2, interferon-inducible —17.29905594
Gbp5 Guanylate-binding protein 5 —8.40818098
Gda Guanine deaminase —7.879778727
Gh1 Growth hormone 1 | o
Gldc Glycine dehydrogenase (decarboxylating) —4.44054062
Hpca Hippocalcin —4.144642462
Hpcal4 Hippocalcin-like 4 —3.161625627
lcam5 Intercellular adhesion molecule 5, telencephalin —8.331231339
Ifi47 Interferon gamma-inducible protein 47 —6.749002048
Irf1 Interferon regulatory factor 1 —4.850550763
Irf7 Interferon regulatory factor 7 —12.59144632
Isg15 1SG15 ubiquitin-like modifier —8.604859569
Itpka Inositol-trisphosphate 3-kinase A —17.525781237
Kenfl Potassium voltage-gated channel, subfamily F, member 1~ —5.261805699
Keng1 Potassium voltage-gated channel, subfamily G-1 —8.695616806
Lhx2 LIM homeobox 2 —4.954167082
Lmo7 LIM domain 7 —4.054767572
Mx1 MX dynamin-like GTPase 1 —22.29240417
Mx2 MX dynamin-like GTPase 2 —11.85445964
Myo5b Myosin VB —3.509043723
Neurod6 Neuronal differentiation 6 —4.460150407
Nov Nephroblastoma overexpressed —5.724660432
Nptx1 Neuronal pentraxin | —3.67427231
Nptxr Neuronal pentraxin receptor —4.147045876
Nrgn Neurogranin (protein kinase C substrate, R(3) —8.927721134
Pde2a Phosphodiesterase 2A, cGMP-stimulated —2.973736448
Plac8 Placenta-specific 8 —12.49909557
Prkeg Protein kinase C, gamma —3.84752755
Psd Pleckstrin and Sec7 domain-containing —3.296678914
Psmb9 Proteasome (prosome, macropain) subunit, beta type, 9 —6.660792566
Ptk2b Protein tyrosine kinase 2 beta —5.759529543
RGD1309362  Similar to interferon-inducible GTPase —5.015647867
Rgs14 Regulator of G-protein signaling 14 —9.177386467
Rprml Reprimo-like —10.39501873
Rsad2 Radical S-adenosyl methionine domain-containing 2 —7.817610063
Rspo2 R-spondin 2 —5.951261779
RT1-Ba RT1 class II, locus Ba —8.856690851
RT1-Da RT1 class II, locus Da —7.605533948
RT1-Db1 RT1 class I, locus Db1 —8.10093098
Slc17a7 Solute carrier family 17, member 7 —3.58808134
Thr1 T-box, brain, 1 —5.30611727
Wipf3 WAS/WASL interacting protein family, member 3 —6.442651726
Discussion

Aberrant activation of the JAK/STAT pathway contributes to
a number of autoimmune and neuroinflammatory diseases
(O’Shea et al., 2015; Villarino et al., 2015). In this study, we dem-
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onstrate that the JAK/STAT pathway becomes activated in a
model of PD induced by overexpression of @-SYN, and that sup-
pression of this pathway upon treatment with AZD1480 inhibits
neuroinflammatory responses and neurodegeneration in vivo.
The inhibitory effect on neuroinflammation is due, in part, to: (1)
suppression of STAT3 activation, (2) inhibition of microglial ac-
tivation, (3) prevention of macrophage and CD4 * T-cell infiltra-
tion, and (4) suppression of a-SYN-induced inflammatory gene
expression. Myeloid cells (monocytes, macrophages, and micro-
glia) are considered to be important contributors to the patho-
genesis of PD (Mochle, 2015; Allen Reish and Standaert, 2015).
Circulating blood monocytes from young, healthy individuals
have very high expression of PD-associated genes, including
a-SYN and LRRK2, suggesting the inflammatory component of
PD susceptibility is strongly influenced by myeloid cells (Raj et
al., 2014). Monocytes from PD patients express high levels of
MHC Class I and CCR2 on their cell surface, and secrete CCL2,
indicating a proinflammatory phenotype (Funk et al., 2013;
Grozdanov et al., 2014). Proinflammatory macrophages and mi-
croglia have detrimental effects in a number of neurologic dis-
eases, including multiple sclerosis (MS), Alzheimer’s disease,
ALS, and spinal cord injury (Kigerl et al., 2009; Appel et al., 20105
Hawthorne and Popovich, 2011; Kannarkat et al., 2013; Ben-
veniste et al., 2014; Frakes et al., 2014; Moehle, 2015). In addition,
inflammatory myeloid cells participate in the induction of CD4 *
Thl and Th17 responses (Krausgruber et al., 2011), which serve
as effector T cells in diseases, such as PD and MS (Brochard et al.,
2009; Reynolds et al., 2010; Saunders et al., 2012; Romero-Ramos
et al., 2014; Dendrou et al., 2015; Olson et al., 2015). Our in vitro
results indicate that a-SYN induces activation of the JAK/STAT
pathway and expression of genes reflective of the proinflamma-
tory phenotype, including MHC Class II, iNOS, IL-6, and TNF-«
in macrophages and microglia. Inhibition of the JAK/STAT path-
way suppressed STAT activation and downstream gene expres-
sion in these myeloid cells. These findings also reflected what we
observed in the in vivo setting; a-SYN overexpression enhanced
STATS3 activation in the SNpc and expression of MHC Class II,
iNOS, CCL2, and TNF-a by myeloid cells isolated from the
midbrain. JAK/STAT pathway inhibition suppressed a-SYN-
induced STAT activation and expression of proinflammatory
phenotypic genes in vivo. Suppression of the JAK/STAT pathway
did not result in a switch of the proinflammatory phenotype to
the anti-inflammatory M2 phenotype, as M2-related genes, such
asIL-10 and Argl, were not altered (data not shown). It is impor-
tant to stress that proinflammatory and anti-inflammatory phe-
notypes do not necessarily exclude each other and often coexist
(Martinez and Gordon, 2014). Further, there are many examples
of myeloid cells with a mixed proinflammatory/anti-inflam-
matory phenotype, which result from the balance of regulators
present in the tissue microenvironment (Sanchez-Guajardo et
al., 2015; Tang and Le, 2016). Even with this caveat, a variety of
PD animal models implicate proinflammatory myeloid cell acti-
vation as a prominent feature of disease, and as an insult that
drives dopaminergic cell loss (Appel et al., 2010; Barkholt et al.,
2012; Moehle et al., 2012; Moehle, 2015). As such, our findings
that suppression of JAK/STAT signaling dampens innate im-
mune responses in the midbrain by suppressing the proinflam-
matory phenotype may be a major mechanism for the ultimate
beneficial effect on neurodegeneration.

In vivo studies document that the adaptive immune response
is also important for PD pathogenesis (Brochard et al., 2009;
Reynolds et al., 2010; Saunders et al., 2012; Romero-Ramos et al.,
2014; Olson et al., 2015). CD4 " and CD8 * T cells are detected in
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A AAV-GFP or AAV2-a-SYN Injection
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Treatment Stopped Analysis
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Protective effect of AZD1480 on the loss of TH * neuronsin the SN. A, VH or AZD1480 (5 mg/kg/d) was administered by oral gavage for 4 weeks to AAV2-GFP or AAV2-ae-SYN transduced

rats 4 weeks post-transduction. Four weeks after treatment, the rats were rested for an additional 4 weeks, then euthanized at 12 weeks. B, The rats were perfused at 12 weeks, SN removed, and
free-floating sections were stained for TH neurons using unbiased stereological analysis. Representative images of the ipsilateral SNpc stained for TH. €, Quantification of TH+ neurons was
performed; neuron loss is reported as a percentage of the contralateral side (8 sections/sample, n = 5/group). One-way ANOVA with Bonferroni selected comparison post hoc test (n = 40).

*p < 0,05.

PD mouse models and PD postmortem human brain tissue, and
altered CD4 ™ T-cell phenotypes in the periphery are also a fea-
ture of PD. In the a-SYN overexpression PD model, we detected
significant infiltration of CD3™" T cells, the majority of which
were CD4 * T helper cells. Treatment with AZD1480 reduced the
number of CD4™" T cells infiltrating into the midbrain, which
may contribute to the dampened neuroinflammatory response
observed in this model. In the MPTP model of PD, CD4 ™"
T-effector cells, likely Th1 and Th17 cells, contribute to disease
pathogenesis, while CD4 ¥, CD25" T regulatory cells provide
protection via immunosuppressive mechanisms (Reynolds et al.,
2010; Olson et al., 2015). We have previously demonstrated that
AZD1480 can inhibit the polarization of T cells to the Thl and
Th17 phenotypes in animal models of MS (Liu et al., 2014). This
will need to be further evaluated in the a-SYN overexpression PD
model to determine whether AZD1480 influences the CD4 *
T-cell phenotype and/or function. This is technically challenging
at present because of the low numbers of infiltrating T cells, but
may be addressed by single-cell RNA sequencing.

IFN-vy and IL-6 are two of the most potent activators of the
JAK/STAT pathway, and are elevated in PD (Mount et al., 2007;
Chen et al., 2008; Sherer, 2011). Regarding IL-6, higher levels
were associated with a greater risk of PD (Chen et al., 2008;
Sherer, 2011). We have shown that myeloid cell production of
IL-6 is induced by a-SYN both in vitro and in vivo. IFN-y has
been implicated in contributing to degeneration of DA neurons

through a mechanism involving microglia, and IFN-+y-deficient
mice are protected against MPTP-induced neurotoxicity (Mount
et al., 2007). Conversely, overexpression of IFN-vy in mice pro-
moted microgliosis and nigrostrial degeneration (Chakrabarty et
al., 2011). Microglia produce IEN-y in response to a-SYN (Ce-
bridn et al., 2014), and Thl cells produce IFN-vy in the MPTP
model (Olson et al., 2015). AZD1480 treatment of rats with
a-SYN overexpression resulted in reduced levels of both IL-6 and
IFN-v, which may be a major contributing factor to reduced
JAK/STAT activation and subsequent neuroprotection. In this
regard, another neuroprotective strategy, that being a selective
VIPR2 agonist tested in the MPTP model, reduced levels of IL-6
and IFN-vy in vivo (Olson et al., 2015).

Our results indicate that inhibition of the JAK/STAT pathway
exerts a beneficial effect in suppressing neuroinflammatory im-
mune responses at 4 weeks, and also suppresses expression of
numerous genes implicated in @-SYN-induced neuroinflamma-
tion and neurodegeneration, as assessed by RNA-sequencing.
These include genes related to neurologic and immune system
pathways including antigen-presentation pathways, T-cell path-
ways, neurological diseases and skeletal and muscular disorders,
as well as expression/activation of inducers and components of
the JAK/STAT pathway (IFN receptor, STAT1, IRF7, and IFN).
There is clearly an “IFN gene signature” being induced in the
AAV2-a-SYN rat model, and many of these genes are critical for
antigen processing and presentation, including CD74 (MHC
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Class IT invariant chain), MHC Class II, IRF1, CIITA, and MHC
ClassI. Furthermore, a-SYN overexpression also induced a num-
ber of proinflammatory cytokine and chemokine genes. ICAM5
expression was highly induced, and functions as an adhesion
molecule for immune cell recruitment to inflammatory sites
(Gahmberg et al., 2014). Jakinib treatment inhibited the expres-
sion levels of 59 genes compared with vehicle control treatment
and the majority of genes inhibited were induced by a-SYN over-
expression, including CD74, MHC Class I1, CIITA, ICAMS5, Ccl2,
Ccl12, Cxcl10, Cxcl12, Tnfrsf26, IL-6, and IFN-vy. These findings
clearly demonstrate that inhibition of JAK activity suppresses the
expression of @-SYN-mediated proinflammatory molecules.
Previous studies have demonstrated that inhibition of the
NE-kB signaling pathway prevents inflammatory responses and
improves motor function in the MPTP-induced PD model,
which highlights the beneficial effect of anti-inflammatory ther-
apy (Ghosh et al., 2007). Therapeutically, NF-«B inhibitors have
not been successful in clinical trials due to nephrotoxicity, and
none of the currently available NF-«B inhibitors are specific for
this transcription factor (Gray et al., 2014). As mentioned previ-
ously, JAKinibs have beneficial effects in patients with myelopro-
liferative diseases and rheumatoid arthritis, and are well tolerated
(O’Shea and Plenge, 2012; O’Shea et al., 2015; Villarino et al.,
2015). They are currently in Phase I, I and III clinical trials for a
variety of diseases, including psoriasis, transplant rejection,
diabetic nephropathy, Crohn’s disease, lupus, lymphoma, and
solid tumors. Our findings are the first documentation that sup-
pression of the JAK/STAT pathway disrupts the circuitry of neu-
roinflammation and neurodegeneration, thus attenuating PD
pathogenesis. We believe Jakinibs may be a viable therapeutic
option for PD patients, especially because they are orally avail-
able, well tolerated, and do not promote immunosuppression.
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